Emerging and re-emerging infectious diseases are serious threats to biodiversity, domestic animals and human health \[[@r7], [@r20]\]. For example, chytridiomycosis has led to drastic declines in amphibian populations \[[@r8]\], and avian malaria and pox have driven endemic bird species to extinction or endangered status \[[@r60], [@r63]\]. Bovine spongiform encephalopathy (BSE) was responsible for the slaughter of 3.3 million cattle in the UK \[[@r10]\]. Moreover, human immunodeficiency virus (HIV) and the Ebola virus, which originated in Africa, have become global threats to human health \[[@r37]\]. Highly pathogenic avian influenza (HPAI) viruses of the H5N1 subtype (HPAI-H5N1) are considered emerging infectious diseases \[[@r43]\], and an epidemic could pose a major threat to poultry production, human health and endangered species \[[@r3], [@r32], [@r52]\].

The natural hosts of avian influenza A viruses are believed to be ducks, shorebirds and gulls \[[@r4], [@r62]\]. Low pathogenic avian influenza (LPAI) has been endemic among wild birds for a relatively long time \[[@r62]\]. HPAI-H5N1 was first reported in 1996 in Chinese poultry \[[@r61]\], and both wild birds and poultry \[[@r18]\] may have spread the virus to various parts of the world \[[@r4], [@r32], [@r57]\].

HPAI-H5N1 infection has been lethal for some wild birds, including endangered species. In 2005, during the first large-scale outbreak reported in wild birds, more than 6,000 birds died at Qinghai Lake in northwestern China \[[@r5]\], including black-necked cranes *Grus nigricollis*, which are classified as "Vulnerable" by the International Union for Conservation of Nature (IUCN) \[[@r26]\]. Moreover, in other places of the world, fatalities have also been noted in endangered species, such as the red-breasted goose *Branta ruficollis*, the saker falcon *Falco cherrug* (both of them are classified as "Endangered" \[[@r26]\]) and the grey-headed fish eagle *Icthyophaga ichthyaetus* (classified as "Near Threatened" \[[@r26]\]), as a result of HPAI-H5N1 infection \[[@r36], [@r52]\].

Raptor species have been especially vulnerable to HPAI-H5N1. In the wild, mortality caused by the virus has been reported in the Eurasian sparrowhawk *Accipiter nisus*, common kestrel *Falco tinnunculus* and Eurasian eagle-owl *Bubo bubo* \[[@r6], [@r33]\]. Several studies of experimental infection with HPAI-H5N1, via both intranasal inoculation and consumption of infected prey, revealed that raptors (American kestrel *Falco sparverius* \[[@r19]\] and gyrfalcon *Falco rusticolus* × saker falcon hybrids \[[@r1]\]) either died or showed severe neurological signs within 4--7 days. On the other hand, their vulnerability to LPAI subtypes has not been adequately assessed. This risk should be considered, however, as some studies have revealed that even in waterbirds, the LPAI virus can have negative effects (e.g. weight loss and delayed migration) \[[@r34], [@r59]\].

Species distribution models (SDMs), some of which have been created by the process of ecological niche modeling \[[@r48]\], provide a potentially useful warning of infection in wild birds and poultry, and could be used to identify priority areas for the surveillance of avian influenza A. In a previous study, we created a potential risk map for avian influenza A viruses (among others included incidence sites for HPAI-H5N1) that reflected their spread by migratory birds in Japan \[[@r44]\]. The vectors of HPAI-H5N1 infection in poultry are believed to be migratory birds (as opposed to transported live poultry), because outbreaks in Japan have been accompanied by similar outbreaks in Korea, and the viruses in both countries are more similar to each other genetically, than they are to other viruses that have occurred in the past \[[@r53]\]. In fact, potential risk indices for the introduction of avian influenza A showed a positive relationship in the dabbling duck population \[[@r44]\], which is considered a major vector of avian influenza A viruses \[[@r31]\].

In the present study, we created habitat suitability maps for three raptor species and superimposed them on the risk map for avian influenza A during the winter (created in our previous study) \[[@r44]\]. The target raptor species were the mountain hawk-eagle *Nisaetus nipalensis*, northern goshawk *Accipiter gentilis* and peregrine falcon *Falco peregrinus*, which succumbed to HPAI-H5N1 infection during the winter in Japan \[[@r27], [@r53], [@r55]\]. These species are native to Japan and spend the entire winter in various areas of the country \[[@r56]\]. They are all categorized as "Least Concern" by IUCN \[[@r26]\], because of their broad distribution; however, according to the Ministry of the Environment, Japan, the mountain hawk-eagle is categorized as an endangered species; the northern goshawk is nearly threatened, and the peregrine falcon is vulnerable \[[@r40]\]. The risk maps of the present study can suggest priority areas for habitat conservation and surveillance of avian influenza A infection in these species.

MATERIALS AND METHODS {#s1}
=====================

*Risk indices for avian influenza A virus*: We used the risk indices for avian influenza A in wild birds from the invasion risk map of our previous study \[[@r44]\], which was estimated with a spatial resolution of 0.0962° (about 10 ×10 km) using the logistic output and inherent untested assumption that tau=0.5. The risk indices were predicted using the maximum entropy approach (MaxEnt version 3.3.3e \[[@r49]\]). They were estimated within 64 localities where avian influenza A viruses (including HPAI-H5N1) had been reported in wild birds throughout Japan during the winter season (from October 2010 to March 2011) and were related to environmental variables for virus survival and host abundance (e.g. elevation and dabbling duck population). As a result, the area under the curve (AUC) of the created map was 0.78, and the repeatability of the map was confirmed by comparing the risk indices of former incidence sites of avian influenza A with all other indices under investigation. Potential high-risk areas were identified in lowlands of western Japan and along the Pacific coast \[[@r44]\].

*Environmental variables*: The following explanatory variables were used in the analysis of the three raptors: elevation; annual average temperature; maximum snow depth; maximum angle of slope; edge length between forest and farmland; and proportion of river area. In addition, land use variables (proportion of forest, farmland and urban areas) were combined to provide independent predictor variables by principle component analysis, because they were significantly correlated with each other. The first (PC1 represented proportion of forest area: eigenvalue=0.043 and eigenvector=0.98); second (PC2 represented proportion of farmland area: eigenvalue=0.006 and eigenvector=0.93); and third (PC3 represented proportion of urban area: eigenvalue=0.001 and eigenvector=0.96) main components that represent each proportion of land use were also added.

Variables for the habitat suitability models for the three raptors were calculated from various databases. WorldClim data (resolution: 5 arc-min) \[[@r22]\], which provide global climate layers (e.g., temperature and precipitation) representative of the years 1950--2000 with high resolution (from 30 arc-sec to 10 arc-min), were used to create annual average temperature and elevation layers. The normal value of maximum snow depth from 1971--2000 was obtained from the Mesh Climatic Data 2000 \[[@r28]\]. The maximum angle of the slope layer was calculated from the elevation and slope angle data provided in 1981 (resolution: about 1 × 1 km) \[[@r41]\], because peregrine falcons prefer cliffs for both breeding and hunting \[[@r17], [@r29]\]. Edge length between forest and farmland is one of the major variables of breeding density in northern goshawks, because these species use such environments for hunting \[[@r38]\]. The river, forest, farmland and urban areas are also considered as important habitats of raptors \[[@r25], [@r30], [@r42], [@r46], [@r47], [@r58]\]. The area (km^2^) of each grid cell was extracted from the Natural Environmental Information GIS surveys from 1979--1999 \[[@r14]\], and proportion of those areas to total land area were calculated. The urban area was defined as artificial areas, including residential, industrial and commercial zones. All environmental variables were resampled to the spatial resolution of 0.0962° (about 10 × 10 km), and 5,162 grid cells were created because raptor occurrence data were collected from 10 × 10 km grid cells. The all spatial analysis was carried out using ArcGIS 9.3.1 (ESRI Inc., Redlands, CA, U.S.A.).

To check multicollinearity, we calculated the Pearson's product-moment correlation matrix for all explanatory variables. If pairs of the variables have strong correlation (*r*\<0.5), either of them which could become explainable factors for habitat selection of the species and could remain more total explanatory variables were used for the subsequent analysis. All statistical analyses were carried out using R 2.13.1 \[[@r51]\].

*Distribution of the raptors*: We used the winter presence data (from October to March) from a total of 34 grid cells (about 10 × 10 km) for the mountain hawk-eagle, 57 for the northern goshawk and 42 for the peregrine falcon surveyed from 1996--2001, respectively, because avian influenza A outbreaks in wild birds have typically occurred during the winter in Japan \[[@r27]\]. Therefore, data from these raptor localities were collected during the wintering season (October to March from 1996--2001) from the Report of the distribution of Japanese animals (birds) in the National Survey on the Natural Environment \[[@r2]\] and BirdBase \[[@r23]\]. The former data were collected from field surveys, questionnaires to birdwatchers and literature; and the latter were collected from literature. In addition, there was a time lag between datasets for raptor presence and avian influenza A incidence; locality data for the three raptors were collected 10--15 years before those of avian influenza A, which was used to predict the risk indices. However, the raptors' ranks in the red data list in Japan either remained the same (mountain hawk-eagle and peregrine falcon) or declined (northern goshawk) during the period 1998--2012 \[[@r40]\], and therefore, their distribution is not expected to have been reduced.

The records for each site were also resampled using the same grid cells used for the explanatory variables, because the ranges of those grid cells were different each other. All the explanatory variable values, latitudes and longitudes were extracted for each grid cell. They were then classified into 30 groups for the mountain hawk-eagle, 35 for the northern goshawk and 40 for the peregrine falcon by cluster analysis using R 2.13.1 \[[@r51]\], to avoid the use of similar environmental data in locations within close proximity to each other, which may cause spatial autocorrelation. One locality was selected for each group, and the 30, 35 and 40 localities were used as response variables for each raptor species.

*Species distribution modeling*: We used the maximum entropy approach (MaxEnt version 3.3.3e) \[[@r49]\] to develop distribution models from presence-only data. Because detection probabilities are expected to be low with one-day surveys, whether the species were present or not was checked only once per site. Therefore, any recorded absence might be a false absence. The maximum entropy approach has been reported to be superior to presence-only approaches \[[@r13]\] and is capable of providing highly accurate estimates even with small sample sizes \[[@r21]\]. We used 75% of the locations to compute 10 randomly chosen replicates for model construction; the remaining 25% of the locations were used for model validation, and each replicate of the model was iterated 10,000 times.

Using pseudo-absent sites as background data for target groups (i.e. mountain hawk-eagle, northern goshawk and peregrine falcon in the present study) is known to improve the model predictions for MaxEnt by alleviating sample selection bias \[[@r12], [@r50], [@r64]\]. All surveyed grid cells (*N*=4,865) including breeding surveys were used as background datasets, and the results were extrapolated to all grid cells (*N*=5,162) in Japan.

We evaluated the resulting model with receiver operating characteristic (ROC) curves by calculating the AUC; the threshold independent index ranged from 0.5 (random accuracy) to 1.0 (perfect discrimination).

The median potential suitable index of the models estimated with logistic outputs (tau=0.5) was used to produce a potential habitat suitability map for each raptor species. We also calculated global Moran's *I* coefficients for residuals of the estimated habitat suitability indices in each model to assess the strength of spatial autocorrelation using ArcGIS 9.3.1 (ESRI Inc.).

We created a map for each raptor species to suggest areas for surveillance of raptors, accounting for the impact of previous avian influenza A outbreaks. Map (avian influenza A risk map) indices were obtained for the product of risk indices for avian influenza A \[[@r44]\] and habitat suitability indices for each raptor species, which indicated spatially high-risk areas for avian influenza. Correlation coefficients were also calculated between habitat suitability indices and avian influenza A risk indices. Carcasses infected with HPAI-H5N1 have been reported for one mountain hawk-eagle, one northern goshawk and nine peregrine falcons in Japan \[[@r27], [@r53], [@r55]\]. These sites were illustrated in the risk map for each species to validate reliability of the maps.

RESULTS {#s2}
=======

For the models of habitat suitability, we used five environmental variables for the mountain hawk-eagle and northern goshawk and seven environmental variables for the peregrine falcon, all of which had correlation coefficients no greater than 0.5. For the mountain hawk-eagle model, the AUC was 0.72, with a standard deviation (SD) of 0.07. For the northern goshawk model, the AUC was 0.71 with a SD of 0.08, whereas for the peregrine falcon model, the AUC was 0.77 with a SD of 0.06. Spatial autocorrelation was insignificant in all models (mountain hawk-eagle: Moran's *I*=0.19, *P*=0.05; northern goshawk: Moran's *I*=0.23, *P*=0.08; and peregrine falcon: Moran's *I*=0.12, *P*=0.22).

Among the environmental variables, the most effective predictors of potential distribution (more than 10% contribution and in order of importance) were elevation and maximum snow depth for the mountain hawk-eagle; annual average temperature, edge length between forest and farmland, PC2 represented proportion of farmland area, PC3 represented proportion of urban area and PC1 represented proportion of forest area for the northern goshawk; and elevation, PC1 represented proportion of forest area and maximum angle of slope for the peregrine falcon ([Table 1](#tbl_001){ref-type="table"}Table 1.Average contributions of various environmental variables to the models. PCA analysis was generated to make three land use variables (represented proportion of forest, farmland and urban area) independent each otherEnvironmental variableContributionMountain hawk-eagleNorthern goshawkPeregrine falconElevation66.3-38.6Annual average temperature-35.84.5Maximum snow depth27.1\--Maximum angle of slope\--11.3Edge length between forest and farmland-27.6-Proportion of river area5.1-5.3PC1 represented proportion of forest area1.413.727.9PC2 represented proportion of farmland area-9.06.2PC3 represented proportion of urban area0.113.96.2). The habitat suitability indices for the mountain hawk-eagle were positively correlated with elevation and negatively correlated with maximum snow depth of more than about 70 cm ([Fig. 1](#fig_001){ref-type="fig"}Fig. 1.Relationship between habitat suitability index of mountain hawk-eagle *Nisaetus nipalensis*, and (a) elevation, and (b) maximum snow depth. Solid lines represent the mean, and dotted lines represent the 95% confidence interval (CI).). Indices for the northern goshawk were maximum at an annual average temperature of 15°C and a 50-km edge length between forest and farmland, were negatively correlated with the PC1 represented proportion of forest area and the PC2 represented proportion of farmland area, and reflected the use of more than 0.5 of the PC3 represented proportion of the urban area ([Fig. 2)](#fig_002){ref-type="fig"}Fig. 2.Relationship between habitat suitability index of the northern goshawk *Accipiter gentilis* and (a) annual average temperature; (b) PC1 represented proportion of the forest area (c) PC3 represented proportion of urban area and (d) edge length between forest and farmland. Solid lines represent the mean, and dotted lines represent the 95% confidence interval (CI).. Indices for the peregrine falcon were positively correlated with the maximum angle of the slope and negatively correlated with elevation and PC1 represented proportion of forest area ([Fig. 3](#fig_003){ref-type="fig"}Fig. 3.Relationship between habitat suitability index of the peregrine falcon *Falco peregrinus* and (a) elevation; (b) maximum angle of the slope; and (c) PC1 represented proportion of forest area. Solid lines represent the mean, and dotted lines represent the 95% confidence interval (CI).).

The risk map for the mountain hawk-eagle showed that most regions in Japan were at low risk for the incidence of avian influenza A in this species ([Fig. 4a](#fig_004){ref-type="fig"}Fig. 4.Avian influenza A risk map for the mountain hawk-eagle *Nisaetus nipalensis* (a), northern goshawk *Accipiter gentilis* (b) and peregrine falcon *Falco peregrinus* (c). Avian influenza A risk indices were calculated using the equation: (avian influenza A risk index) × (habitat suitability index for each raptor). Black circles indicate sites at which the carcasses of each species infected with HPAI-H5N1 were collected from 2004--2011.). In addition, habitat suitability indices were negatively correlated with avian influenza A risk indices (*r*=−0.44, *P*\<0.001) ([Fig. 5a](#fig_005){ref-type="fig"}Fig. 5.Relationship between avian influenza risk index and habitat suitability indices of the mountain hawk-eagle (a), northern goshawk (b) and peregrine falcon (c) for each grid cell.). In contrast, risk maps for the northern goshawk and peregrine falcon showed that high-risk areas (more than 0.5, indicating about 1% of the grids) were distributed on the plains along the Sea of Japan and Pacific coast ([Fig. 4b and 4c](#fig_004){ref-type="fig"}). In addition, habitat suitability indices were positively correlated with avian influenza A risk indices (northern goshawk: *r*=0.47, *P*\<0.001; and peregrine falcon: *r*=0.54, *P*\<0.001) ([Fig. 5b and 5c](#fig_005){ref-type="fig"}). The infected peregrine falcons were found at relatively high-risk areas; on the contrary, the carcasses of the other two species were found at relatively low-risk areas for each species, although only one carcass of each species has been reported ([Fig. 4](#fig_004){ref-type="fig"}).

DISCUSSION {#s3}
==========

The SDMs for raptors could predict the potential distribution of each species and identify high-risk areas for avian influenza A infection. Habitat suitability indices for the mountain hawk-eagle tended to be high at high elevation, with a threshold snow level. Since the mountain hawk-eagle typically lives in mountainous areas with elevation ranging from 100 to 1,100 m \[[@r45]\], habitat suitability of the species was high in those areas. Mountain hawk-eagles also hunt prey on the ground \[[@r45]\], and habitat suitability had negative relationship with more than 70 cm snow depth. Therefore, presence of the mountain hawk-eagle was rare in high-risk areas for avian influenza A infection, which tended to be distributed among lowlands \[[@r44]\]. Habitat suitability indices for the northern goshawk were high at high temperature, less forested areas and specific lengths between forest and farmland (about 15--80 km). Northern goshawks prefer woodland edge next to open land for hunting; consequently, their home range tends to include small, forested areas \[[@r24]\]. High-risk areas were therefore identified at urban and countryside lowlands along the Pacific coast and western Japan. Habitat suitability indices for the peregrine falcon were high at low elevation, less forested proportions and a specific angle of slope (more than 20 degrees of slope). Abundance of the peregrine falcon was higher along coasts and estuaries usually located lowland \[[@r16], [@r35]\]. Coasts sometimes have steep cliffs, in which raptors use for hunting \[[@r17], [@r29]\]. High-risk areas for the peregrine falcon were similar to those of the northern goshawk, because their suitable habitats were both distributed along the seacoasts.

Peregrine falcons infected with HPAI-H5N1 were predominantly found in the same high-risk areas predicted by the present study, which is indicative of the reliability of the risk map. Since there was only one case each of the other two species, we could not identify the reliability of their risk maps. However, we suggest that suitable habitats for the mountain hawk-eagle were spatially separated from high-risk areas for the incidence of avian influenza A . On the other hand, despite the high-risk for the incidence of avian influenza A in the two species, reported fatalities were less for the northern goshawk than they were for the peregrine falcon. One limitation of the model meant that we could not compare risk indices between species with logistic outputs in MaxEnt analysis \[[@r12]\]. Moreover, if the raptors have similar ecological niches, interspecific competition could strongly affect their distribution \[[@r54]\]. Because data on the distribution of competing species are rarely available, we could not consider these effects.

The northern goshawk more frequently inhabits forested areas \[[@r47]\], thereby minimizing the chances of their carcasses being discovered. In contrast, the peregrine falcon spends more time in open land \[[@r29], [@r30]\]; therefore, it would be relatively easy to find their carcasses. In addition, in comparison to other raptor species, the northern goshawk might have greater resistance against the avian influenza A. Comparisons of resistance among raptors have been rarely examined. To determine the factors that influence resistance, prey species and the levels of resistance against the virus should be investigated in future studies.

Furthermore, the northern goshawk might have fewer opportunities to consume infected prey. Raptors generally become infected with avian influenza A viruses by feeding on infected prey or carrion \[[@r1], [@r55]\]. Since most of the HPAI-H5N1 infected birds have been waterfowl \[[@r53], [@r55]\], if the northern goshawk had fewer opportunities to hunt, then the results of the present study should be reasonable. In winter, their attacks on ducks have been observed \[[@r39]\]; however, there have been insufficient quantitative data on their prey species during the winter season in Japan \[[@r24]\].

Habitat environment would also be an important factor in defining prey selection. Peregrine falcons mainly attack ducks during the winter at coastal areas in Japan \[[@r39]\]. In addition, they hunt ducks on a daily basis near a lake in Canada \[[@r9]\]. In urban areas of England, the Eurasian teal *Anas crecca* becomes the second major prey species of peregrine falcons in mid-winter \[[@r11]\]; however, in suburban areas of Japan, Eurasian teals are rarely hunted \[[@r15]\]. Since such diet variability between species and environments can influence incidence risk, analysis of high-risk areas is necessary for more detailed risk assessment.

In the present study, we investigated spatially high-risk areas for avian influenza A in each raptor species. We recommend enhanced surveillance for each species at high-risk areas and rapid establishment of inspection systems. At the same time, ecological assessments, such as the composition of prey species and species-specific pathogenic risk, could provide multifaceted insights into the total ecological risks with which endangered species are faced.
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